Abstract-Decolorization of textile dyes including 2,6-dichlorophenolindophenol (DCIP), congo red (CR) and methyl orange (MO) by using TiO2-based photocatalyst in the presence of polyols such as glycerol and ethylene glycol was investigated. Polyols were used as sacrificial electron donors (SEDs). The results showed that the polyols improved the rate and yield of a light-induced decolorization of dyes in comparison with a photocatalytic reaction without polyols. A possible reaction mechanism of dye decolorization by the photocatalyst in the presence of electron donors was proposed. TiO2 photocatalyst absorbed light to generate electrons (e -) and holes (h + ). The electrons and holes were prevented from recombining by the presence of SEDs. The free electrons and holes then involved in decolorization processes through reduction or oxidation reactions. The effects of TiO2 catalyst amounts, irradiation time and polyol concentrations on dye decolorization were investigated.
INTRODUCTION
hotocatalyst causes an increase in the rate of a light-induced reaction by a catalyst. One of the applications of photocatalysis that is receiving current attention is the decolorization/degradation of organic pollutants [1] [2] [3] [4] [5] [6] [7] . The interest in this area will become more intense as inhabitants have been seriously influenced by organic pollutants in wastewaters of factories. The use of sunlight to drive the decolorization of dyes requires a Received 15-03-2018 photochemical system into which the energy enters via the absorption of light with a certain wavelength by one of the components such as colored organic dyes or photocatalyst [1, 7] . These systems generally consist of a semiconductor and a colored dye that adsorbs on the surface of the semiconductor. Titanium dioxide (TiO2) is a best semiconductor material for the photocatalytic decolorization/degradation of organic pollutants, being inexpensive and capable of decolorizing a variety of dyes [1, [7] [8] [9] [10] [11] . In the photocatalytic reaction, TiO 2 absorbed the UV light to excite an electron from the valence band (VB) to the conduction band (CB). This band-band excitation produced the reductive conduction band electrons (e -) and the oxidative valence band holes (h + ) (eq 1). The holes could react with surface adsorbed H 2 O to produce HO . surface-absorbed radicals (eq 2). The subsequent radicals HO . directly oxidized the organic pollutants (R) into their oxidative products (eq 3). The photogenerated electron from CB decolorized R into reductive products via a chemical reduction (eq 4) [1, 11] .
(1)
However, the efficiency of the photo-induced decolorization of dyes was in general low due to the recombination of the electrons and holes. In order to inhibit this disadvantage, an electron donor could be added into the reaction mixture as a hole scavenger to achieve high efficiency of decolorization process of colored organic dyes [12] . Polyols were well-known as electron donors. They were extensively used in organic 
MATERIALS AND METHODS

Materials
Titanium (IV) dioxide (AEROXIDE® TiO2 P25, nanopowder, 21 nm, Sigma Aldrich, 99.5%) was used as photocatalyst. Glycerol (Merck 98%) and ethylene glycol (Merck 98%) were used as electron donors in decolorization reactions. 2,6-dichlorophenolindophenol (DCIP, Merck), congo red (CR, Fluka) and methyl orange (MO, Fluka) were used as dyes. Chemical structures of dyes were given in Fig. 1 . Silica gel (Merck 99%), which is the same color as the TiO2 catalyst, was used as a non-photocatalytically active powder. The Suntest was equipped with a 70 W B22 IL0132 Halogen lamp. Absorption spectra of dye solutions were measured by UH5300 UV-Vis spectrophotometer. 
Sample preparations
To demonstrate the efficiency of polyols on the dye decolorization by using TiO 2 P25, it was important to have two controls: one with no photocatalyst (control 1) to show that the light could not decolorize dye solutions and another (control 2) to have a test tube with a white powder of silica gel to show that the color change came from the photocatalyst acting on dyes rather than from the powdered sample. A third control (control 3) contained photocatalyst but was kept in the dark to confirm that it was the action of the light combining with the photocatalyst that caused the color change. Stock solutions were prepared by dissolving dyes in double distilled water. Concentrations of stock solutions of DCIP, CR and MO were 5.0, 2.0 and 2.5 g L -1 , respectively. Samples were prepared as follows: Effects of TiO2 amounts on dye decolorization
Concentrations of dyes and polyols were kept constant. The amounts of TiO2 were varied in a range from 1.0 to 10.0 mg.
Control 1: Each dye of 1 mL, 5 mL double distilled water, 2.4 mg glycerol (or 3.6 mg ethylene glycol), 0 mg TiO2.
Control 2: Each dye of 1 mL, 5 mL double distilled water, 2.4 mg glycerol (or 3.6 mg ethylene glycol), silica gel (the same amount with TiO2 used).
Control 3: Each dye of 1 mL, 5 mL double distilled water, 2.4 mg glycerol (3.6 mg ethylene glycol), TiO2 (kept in the dark).
Photocatalyst: Each dye of 1 mL, 5 mL double distilled water, 2.4 mg glycerol (3.6 mg ethylene glycol), (1.0-10.0) mg TiO2.
Control 1, control 2 and photocatalyst tubes were continuously irridiated under halogen lamp.
Effects of irradiation time on dye decolorization
Dye, polyol concentrations and TiO2 amount were fixed while the irradiation time had been changed. The irradiation time on DCIP solutions were 15, 30 and 45 min, respectively. CR and MO solutions were irradiated for 60, 90 and 120 min.
Effects of polyol concentrations on the dye decolorization
TiO2 amount (5 mg), dye concentrations and irradiation time were kept constant. The polyol concentrations were changed in a range from 0.1 to 0.5 g L -1 in DCIP solutions while those were varied between 0.3 and 0.7 g L -1 in CR and MO solutions.
After dye solutions were irradiated, all suspension solutions were centrifuged in three repetitions to completely remove TiO2. Dye soluions were then measured their absorption spectra to obtain the absorbance values at maximum absorption wavelengths. Dye watersolutions were conducted at room temperature. Experimental procedures followed the order: (1) CHUYÊN SAN KHOA HỌC TỰ NHIÊN, TẬP 2, SỐ 5, 2018
The effects of the amounts of TiO2 on dye decolorization, (2) the examination of the photocatalytic efficiency of TiO 2 for decolorization of dyes in the presence of polyols in comparison with the results of TiO2 catalyst without polyols, (3) the irradiation time, and (4) the effects of polyol concentrations on dye decolorization.
RESULTS AND DISCUSSION
UV-Vis spectra of dye solutions Fig. 2 showed UV-Vis absorption spectra of dye solutions in a range of wavelength from 400 to 700 nm. The results showed that the positions of the maximum absorption peaks of DCIP, CR and MO were 600, 498 and 464 nm, respectively. The absorbance values at maximum absorption wavelengths of dyes were measured to investigate the effects of the TiO2 catalyst amounts, the efficiency of polyols, polyol concentrations and irridiation time on dye decolorization.
Effects of amounts of TiO2 on the dye decolorization
For examining the effects of amounts of TiO2 catalyst on dye decolorization, several amounts of TiO 2 (a range from 1.0 to 10.0 mg, corresponding to a concentration range from 0.17 to 1.67 g L -1 ) were dispersed in 6 mL of dye solutions. Concentrations of dye solutions and irradiation time were kept constant. Depending on dyes, the irradiation time on DCIP solutions was 45 min while CR and MO solutions were irradiated for 90 min. Glycerol concentration (0.4 g L -1 ) was also fixed. Fig. 3 showed that the absorbance values at maximum absorption wavelengths decreased with increasing the amount of TiO2 catalysist from 0.17 to 0.83 g L -1 , i.e., the decolorization efficiency increased. However, the higher amounts (> 0.83 g L -1 ) showed a decrease in decolorization. These results could be explained in terms of availability of active sites on TiO2 surface and light penetration of photoactivating light into dye solutions. The availability of active sites increased with the suspension of TiO2 catalyst, but the light penetration decreased due to increased opacity of the suspension, brought as a result of excess of TiO 2 particles. Moreover, the decrease in the dye decolorization at higher catalyst loading might be also due to deactivation of activated molecules by collision with ground state molecules [2, 13, 14] . In addition, the decrease in dye concentrations with increasing TiO 2 amounts could be attributed to the adsorption of dye-adsorbed TiO 2 [15] . TiO 2 P25 (21 nm) was a fine white powder with hydrophilic character caused by hydroxyl groups on the surface [16] . This surface adsorbed dyes via hydrogen bonds between catalyst surface and dyes [15, 17] . In our experiments, the control samples were always attached. Therefore, the decolorization of TiO2 catalyst in the presence of polyols was more significant than without polyols. The optimum concentration of TiO2 was 0.83 g L -1 (5 mg). This amount was selected for the next experiments. Left panels of Fig. 4 gave the absorption spectra of dye solutions while the right ones depicted the absorbances of dyes at their maximum absorption wavelengths at different irradiation time in the absence and the presence of glycerol (Gly). The absorbances at maximum wavelenghts of dyes significantly decreased in the presence of polyol under different irradiation time. Color of dye solutions had changed to colorless with increasing irradiation time. The experimental results showed that absorbance values at maximum absorption wavelengths decreased as irradiation time was increased. The color of dye solutions completely disappeared within 45 min for DCIP and 120 min for CR and MO. It was observed that the photodecolorization increased with an increase of in the irradiation time. Fig. 4 showed that in the presence of glycerol (0.4 g L -1 ) and photocatalyst of TiO2 (0.83 g L -1 ) and under 45 min of irradiation, 99.14% of the DCIP solution (0.83g L − 1 ) was decolorized. The decolorization yields of CR (0.33 g L -1 ) and MO (0.41 g L -1 ) under 120 min of irradiation were 99.86% and 99.18%, respectively. In the absence of glycerol, 48.63% of the DCIP solution was decolorized by TiO2 catalyst after 45 min while the photodecolorization yields of 74.08 and 77.30% obtained for CR and MO solutions respectively after 120 min of irradiation. The experimental observations confirmed the effect of polyol on the dye decolorization. A possible photocatalytic mechanism in the presence of polyol was suggested [7] . In the photocatalytic reaction, light generates electrons (e -) and holes (h + ) in TiO2 (eq. 1). The electrons and holes were prevented from recombining by the presence of a sacrificial electron donor (SED). In this experiment, glycerol was oxidized. This left the photogenerated free electrons and holes to reduce or oxidize dyes to its colorless forms. The schematic of this process was shown in Fig. 5 . The experimental results also confirmed that dye solutions were not considerably reduced by SED in solution including dye and SED (the cyan columns in right panels in Fig. 4 ). The photodecolorization was mainly caused through a possible mechanism suggested in Fig. 5 . Carbon dioxide and water were the final oxidation products of glycerol via intermediates including glyceraldehyde, glycolaldehyde, glycolic acid, and formaldehyde [8, 12] . ; CR: 0.33 g L -1 ; MO: 0.41 g L -1 ) were kept contant while polyol concentrations were varied. After centrifugation, dye solutions were then measured their absorption spectra to obtain the absorbance values at maximum absorption wavelengths. It is noted that the increase in polyol concentrations leads to increase in decolorization (Fig. 6) . The optimized concentrations of glycerol and ethylene glycol to decolorize dye solutions are 0.4 g L -1 for DCIP, 0.6 g L -1 for CR and 0.5 g L -1 for MO, respectively. The decolorization efficiency relates to the prevention from recombining between electrons (e -) and holes (h + ) of sacrificial electron donor. As concentrations of polyols increase, the probability of reaction between holes (h + ) and reducing species (polyols) also increases. The decolorization thus increases. ) was 99.18% after irradiation for 120 min. The electron donors such as glycerol or ethylene glycol prevented from recombining of the electrons and holes being generated by light absorption of TiO2 catalyst. They became free to easily involve in reductive or oxidative reactions in solution to change dyes into colorless forms. Therefore, the decolorization yields increased with the presence of poplyols.
